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Abstract. A process-based approach to modelling the effects of land use change and climate change
on the carbon balance of terrestrial ecosystems was applied at global scale. Simulations were run
both with and without land use change. In the absence of land use change between 1700 and 1990,
carbon storage in terrestrial ecosystems was predicted to increase by 145 Pg C. When land use change
was represented during this period, terrestrial ecosystems became a net source of 97 Pg C. Land use
change was directly responsible for a flux of 222 Pg C, slightly higher but close to estimates from
other studies. The model was then run between 1990 and 2100 with a climate simulated by a GCM.
Simulations were run with three land use change scenarios: 1. no land use change; 2. land use change
specified by the SRES B2 scenario, and; 3. land use change scaled with population change in the B2
scenario. In the first two simulations with no or limited land use change, the net terrestrial carbon
sink was substantial (358 and 257 Pg C, respectively). However, with the population-based land-use
change scenario, the losses of carbon through land use change were close to the carbon gains through
enhanced net ecosystem productivity, resulting in a net sink near zero. Future changes in land use
are highly uncertain, but will have a large impact on the future terrestrial carbon balance. This study
attempts to provide some bounds on how land use change may affect the carbon sink over the next
century.

1. Introduction

Emissions of carbon resulting from changes in land use comprise a substantial term
in the global carbon cycle. The major land use change which affects the terrestrial
carbon balance is the clearance of forest for agricultural use. It is estimated that
one sixth of the naturally occurring forest area has been cleared to date (Waring
and Running, 1998). To a substantial degree, estimates of emissions from land
use change determine the estimated size of the so-called “missing sink” in the
contemporary global carbon balance. This missing sink is the residual term re-
maining after the recognised sinks and sources have been accounted for. Emissions
from land use change are the most uncertain of the recognised sources, and largely
determine the residual. The missing sink is usually attributed to terrestrial vegeta-
tion (Keeling et al., 1996; Ciais et al., 1995), and there is considerable interest in
how this may change over the next century because of changing climate and CO,
concentration.
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The main approach in estimating the role of land use change in the global carbon
balance has been a simple “book-keeping” approach, in which statistics on defor-
estation are combined with estimates of the vegetation carbon content (Houghton
et al., 1983; Houghton, 1995). The approach uses generic time-dependent func-
tions for carbon gain and loss in different ecosystem types following conversion of
forest to cultivated land and vice versa, and makes no inference about fluxes from
vegetation except those arising from land use change.

Recently, attempts have been made to quantify the global land use change flux
(LUCF) with more sophisticated methodologies. DeFries et al. (1999) compared the
current distribution of vegetation, determined using ground-based and/or remotely
sensed data, with model predictions of pre-industrial vegetation, and attributed the
difference to land use change. McGuire et al. (2001) incorporated the algorithms
of Houghton et al. (1983) into four process-based terrestrial biosphere models to
track global carbon fluxes. This has the advantage of simultaneously considering
the interacting factors which affect the terrestrial carbon balance, which cannot be
rigorously analysed in isolation.

This paper describes the application of this approach to one of the most sophis-
ticated process-based dynamic global vegetation models, ‘Hybrid’ (Friend et al.,
1997). The model has previously been used to quantify the current and future role of
terrestrial ecosystems as sinks for carbon (Cramer, 2001; White et al., 1999; White
et al., 2000), but simulating ‘potential’ vegetation which would exist in the absence
of human-induced land use change. Here we analyse the response to climate change
based on knowledge of physiological processes, whilst modifying the vegetation
represented to account for land use change. The aim was to estimate global-scale
fluxes of carbon from vegetation arising from changes in land use and climate,
using a process-based approach so that future climate scenarios could be included.

The model was first evaluated by simulating changes in vegetation and soil car-
bon following clearing a South American rainforest. Model predictions were com-
pared with those using the empirical approach of Houghton (1991) and Houghton
and Hackler (1995). The model was then run over the historical period at global
scale with a climate simulated by the U.K. Hadley Centre Global Climate Model
(HadCM3, Gordon, et al., 2000), both with and without land use change (LUC). The
model run with land use change was extended to 2100 using three contrasting land
use change scenarios and the climate simulated by HadCM3 for the B2 scenario
from the IPCC Special Report on Emissions Scenarios (SRES, IPCC, 2000).

2. Model Description

2.1. OVERVIEW

A process-based model of carbon fixation and flow in vegetation and soil was
constructed, simplifying the Hybrid model described elsewhere (Friend et al., 1997;
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White et al., 2000; Friend and White, 2000). The new model, termed ‘HyLand’,
operated on a daily time-step and included simplified hydrology and N dynamics.
Inputs were climate, atmospheric CO,, and land use change through time. Outputs
were vegetation and soil carbon pool sizes and terrestrial-atmosphere carbon fluxes.
Three vegetation types were represented: herbs, broadleaved and needleaved trees.
Deforestation and cropping altered the flows of carbon between vegetation, soil and
atmospheric pools. Further model details are given in appendix and Table Al.

2.2. VEGETATION

Absorption of photosynthetically active radiation (PAR) by the canopy was mod-
elled using Beer’s Law (Equations Al and A2). Daily tree canopy photosynthesis
was calculated assuming that photosynthesis and foliage N content declined down
the canopy at the same rate as photosynthetically active radiation (PAR) (Sellers
et al., 1992; Equation A3). The model was particularly sensitive to the nitrogen
content of the top layer of foliage (N,p) (see Parameter optimisation). The rate
of photosynthesis of the top layer was calculated from foliar N content, stomatal
conductance, temperature, PAR and foliar CO, concentration, using the biochem-
ical model of Farquhar and von Caemmerer (1982) as described previously Friend
et al. (1997). Stomatal conductance was calculated from foliar N content, temper-
ature, PAR and CO; concentration, plus soil water potential, using the empirical
Stewart-Jarvis model as parameterised by Friend et al. (1997). Herbs, broadleaved
and needle-leaved trees were given different photosynthetic parameters as in White
et al. (2000), except for the N content of the top layer of foliage.

Maintenance respiration (i.e. respiration not accounted for in net daytime photo-
synthesis) was assumed to be a constant fraction of gross photosynthesis (Equation
A4), as suggested by several recent studies (Gifford, 1995; Waring et al., 1998;
Dewar et al., 1999). This is in contrast to the assumption in previous versions of the
Hybrid model, in which maintenance respiration was a linear function of the total
carbon content of each of the plant compartments and an exponential function of
air temperature (Ryan, 1991). Which of these assumptions is more correct remains
a contentious issue (Thornley and Cannell, 2000).

Net primary productivity (NPP, equivalent to whole plant growth) of the herba-
ceous layer was calculated as for the woody layer, except that it depended, not only
on N content, but also on the LAI of the woody plant canopy layer above (Equation
A2). NPP was allocated annually in fixed ratios to foliage, stem and roots. Leaf
area index was the product of foliage carbon and specific leaf area. Litter fall was
calculated from fixed turnover rates.

All three vegetation types were initiated each year and, because of their different
parameters, grew at different rates and competed for light. Herbs dominated if
the woody canopy was sparse. If the stem carbon of one tree type was within
+50% of that of the other, then PAR was shared equally; if not, the lesser type
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was excluded. All plant types were initialised at 0.1 kg C m~2 allocated between
compartments with the same fractions as for NPP. Parameters values are listed in
Table Al.

2.3. SOIL

The flux of water to the soil was the difference between precipitation and evap-
oration. The latter was calculated by resolving the isothermal energy balance for
sensible heat to obtain the surface temperature and then employing the Penman-
Monteith equation (Equations A5—A7). When the soil contained 10% more than its
capacity there was drainage. Soil water-filled space was calculated from soil water
content and a prescribed soil texture as described by Friend and White (2000).
Soil water potential was calculated from soil water holding capacity, which was
assumed to be a function of soil carbon (Friend and White, 2000; Equation AS8).

Decomposition of soil organic carbon was simulated using the Century model
of Parton et al. (1987) as adapted by Comins and McMurtrie (1993) and fully
described by Friend et al. (1997). The rate of decomposition was a function of
soil water potential and temperature. The soil was divided into an upper layer of
20 cm and a lower layer of 80 cm. Carbon moved from the top ‘decomposable’
soil to the lower ‘protected’ layer of organic matter at prescribed rates, which
were tuned to give constant pool sizes with depth. In order to deal effectively
with deforestation, pools of coarse surface and below-ground structural litter were
added to the model of Friend et al. (1997) with residence times of 73 and 53 years,
respectively, when soil temperature and moisture factors were unity. These long
residence times delayed carbon loss after clearfelling. Since soil carbon may take
centuries to reach equilibrium, the pool size was initialised at the start of the spin-up
phase with an estimated soil carbon content derived from the observed relationship
between soil carbon and pre-industrial precipitation and temperature (Friend and
White, 2000).

2.4. LAND USE

Three land use options were employed, which were assumed to alter carbon fluxes
as follows.

Undisturbed vegetation. No alterations: the carbon content of the three possible
vegetation types and their associated soil varied dynamically with the climate and
atmospheric CO, concentration.

Deforestation (clearfelled forest). (i) It was assumed that 64% of the above-
ground stem carbon was removed instantly. Houghton (1991) assumed that 33% of
the original vegetation was left to decay on site at the time of clearing; thus 67% was
lost to burning or removal. If 30% of stem mass is stump and below-ground and all
fine plus 30% of coarse above-ground litter is burned (Hao et al., 1990), then about
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64% of above-ground stem must be removed to leave 33% of the original carbon
on site (70% of stem is assumed to be coarse). (ii) Clear-cutting was immediately
followed by a fire, which oxidized 30% of coarse above-ground stem litter, all other
litter, and all above-ground herbaceous plant parts (Hao et al., 1990). Charcoal
production and timber product pools were not represented. (iii) The remaining
litter was apportioned to coarse and fine litter above- and below-ground. (iv) Soil
disturbance in the year of deforestation was assumed to cause 30% of the carbon
in protected pools to move to the active decomposable pools.

Cropland. (i) Tree regeneration was prevented. (ii) Cultivation caused 30% of
the carbon in protected pools to move to the active decomposable pools every year.
(iii) Harvesting removed 50% of above-ground vegetation carbon every year. The
remaining carbon was transferred to litter. (iv) Incorporation of litter was simulated
by assuming that 50% of the above-ground structural and metabolic litter pools
were transferred to the topsoil structural and metabolic litter pools each year of
cultivation. (Voroney and Angers, 1995; van Veen and Kuikman, 1990).

3. Model Evaluation for a South American Rain Forest

Deforestation of tropical rainforest is currently the largest component of the global
flux of carbon from land use change (Houghton and Hackler, 1999). To evaluate
the model for this situation, predictions of changes in vegetation and soil carbon
following clearance of a tropical rainforest were compared with the empirical re-
sponse curves derived by calibrating rates of change with observations (Houghton
etal., 1991).

3.1. CLIMATE AND LAND USE SCENARIOS

The model was run in a constant climate with 25 °C, a 12-hour day with 1500 pzmol
(photons) m~2 s=! PAR, 360 ppm CO», 500 Pa air vapour pressure deficit and
—0.01 MPa soil water potential. The model was first tuned to give equilibrium
values of 20 kg C m~—2 vegetation and 9.8 kg C m~2 soil in this climate. These were
the values assumed by Houghton et al. (1991) for undisturbed South American
rainforest. The N content of the top canopy layer was increased from 1.80 to 1.89
g N m~2 and the NPP allocated to foliage from 10 to 20% resulting in an LAI of
10. Soil carbon was tuned by varying the soil-temperature activity factor (Comins
and McMurtrie, 1993). Some adjustment of parameter values for the herb layer
was necessary to reproduce Houghton’s values of 0.5 kg C m™2 for cropland,
but this had little effect on the large carbon fluxes and soil pool. The model was
run to simulate the conversion of a rainforest to cropland, the maintenance of the
cropland for 20 years, and then their abandonment allowing the forest to regenerate
(Figure 1).
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Figure 1. Model predictions of (a) vegetation and (b) soil carbon responses to clearance for cropland
followed by abandonment after 20 yr under the environmental conditions listed in text. Soil pools are
shown cumulatively, with litter components of the topsoil (including surface litter); total shown by
the solid line. Predictions by the bookkeeping approach (see text) shown by small dashes.

3.2. CHANGES IN VEGETATION AND SOIL CARBON

Stemwood removal and burning at clearfelling reduced total site carbon by 53%
despite a 39% increase in soil carbon due to root and aboveground litter input from
the felled trees (Figure 1). Over the next 10 years, soil organic matter declined,
owing to small litter inputs (Figure 1b). Top and bottom soil lost about 40% carbon
over 20 years — well within the measured range for South and Central American
tropical forests (Houghton et al., 1983; Lugo et al., 1986). However, 69% of the
above-ground and 60% of the below-ground coarse litter was still present 20 years
after clearfelling. Ten years after clearfelling, cropland had 66% less carbon than
the undisturbed forest.

Following abandonment, woody vegetation rapidly re-grew, reaching 95% of its
undisturbed carbon after 32 years. The herbaceous layer dominated for three years,
but was then shaded-out by the tree layer. This resulted in a sigmoidal response
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curve, as sometimes observed (Saldarriaga, 1987; Nepstad et al., 1991) compared
with an assumed linear recovery over 20 years by Houghton et al. (1991). The
modelled rate of forest growth during early regeneration was about 1 kgCm=2y~!
— similar to that of young tropical plantations (Brown et al., 1986). When crop-
land was abandoned, low levels of soil carbon were initially increased as herbs
dominated with high litter inputs (owing to high turnover rates), but then fell
as trees regenerated (with a lower litter input) before beginning a slow recovery
(Figure 1b). The mean rate of soil carbon accumulation over 50 years after crop-
ping was 0.038 kg C m~2 y~! similar to that found by Lugo et al. (1986) in Costa
Rica.

The model predicted a much slower decline in soil carbon following clearfelling
than Houghton et al. (1991), resulting in over 30% more soil carbon after 10 years
(Figure 1b). The reason was that we assumed that woody litter, which comprised
96% of all litter after clearfelling, had turnover times of 73 years aboveground
and 53 years belowground, whereas Houghton et al. (1991) assumed that woody
litter (slash) turned over in only 2.5 years. Our choice was based on estimates of
61-89-year turnover times for 30—40 cm diameter fallen logs in Oregon (Grier,
1978) and Wyoming (Fahey, 1983) and 9.2 years for 5-33 cm diameter wood in
Ghana (John, 1973) — recognising that many logs in rainforests will greatly exceed
30—40 cm in diameter.

3.3. CONCLUSIONS

The model simulated realistic dynamic patterns of loss and gain in vegetation
and soil carbon following land use change, well within the few measured values.
The rate of loss of soil carbon following deforestation was slower than previously
assumed, because coarse woody litter fractions were given long turnover time.
Also, forests recovered following a realistic sigmoidal curve, rather than linearly
with time. We stress that our process model does not necessarily give more reliable
predictions of the effects of land use on vegetation and soil carbon than empirical
models — both approaches rely on uncertain assumptions. Its strength is that it
tracks carbon within the framework of a dynamic global vegetation model, and so
enables land use to be included in predictions of the effects of climate change, as
described.

4. Application at Global Scale

The model was run on a global scale between 1700 and 1990, both with and without
land use change. The simulation with land use change was extended to 2100 using
using three contrasting land use change scenarios and the climate simulated by
HadCM3 for the SRES B2 scenario. The B2 scenario was chosen because it was
intermediate within the four reference scenarios, in terms of human population
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TABLE I
Details of the scenarios for climate, CO, and land use change (LUC) used in
the global-scale simulations

Simulation Climate CO, LUC
1300 to 1699
Spin-up Pre-industrial 288 none
1700 to 1989
No LUC Had CM3 simulation 288 to 350  none
With LUC Had CM3 simulation 288 to 350 R&F
1990 to 2100
No LUC Had CM3 simulation 351 to 614  none
B2 LUC Had CM3 simulation 351 to 614  From B2 scenario
LUC « Popn Had CM3 simulation 351 to 614  From population

in B2 scenario

R&F = Ramankutty and Foley (1999).

growth, greenhouse gas emissions, CO, concentrations and climatic change, and
because it was the only reference scenario to include any continued deforestation
(the others are considered unrealistic in this respect). Details of the scenarios for
climate, CO, and land use change (LUC) used in the global-scale simulations are
given in Table I. The spatial resolution was determined by the simulated climate
from the HadCM3 model, where each grid cell represents 2.5° latitude by 3.75°
longitude. At each grid point, ten plots were represented which could have different
land use histories. The temporal resolution was one day.

4.1. CLIMATE DATA

For the period 1860 to 1990, climate data (temperature, diurnal temperature range,
relative humidity, downward short-wave radiation and precipitation) were taken
from the UK Hadley Centre Global Climate Model (HadCM3). For the pre-
industrial period before 1860, the HyLand model was run using climate data from
the above source for the decade 1860-1869, in a continuous loop. From 1990 to
2100, the HadCM3 simulation corresponding to the B2 SRES emission scenario
was used (simulation h3b2b; Johns et al., 2003). Atmospheric CO, concentrations
were increased annually, taken from the ISAM model conversion of the B2 scenario
emissions, reaching 614 ppm by 2100 (IPCC, 2000).

4.2. LAND USE DATA

Data on the historical expansion of cropland were taken from the study of
Ramankutty and Foley (1999). These data cover the period 1700-1992 at
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Figure 2. (a) Map of the fraction of land under crops in 1990, from the study of Ramankutty and
Foley (1999). (b) and (c) show the fraction of land under crops in 2100, based on the B2 LUC and
LUC « Popn scenarios, respectively. In all maps, an equal-area projection is used (cylindrical with a
standard parallel of 45° (Peters projection)).

approximately 30-year resolution, and encompass the global land surface at 0.5 de-
gree spatial resolution. These data were aggregated up to the 3.75 x 2.5 degree used
by HadCM3 to prescribe the historical course of land use change in the HyLand
model. The data show an increase in cropland from around 2% of the global land
area in 1700, to over 13% in 1990 (Figure 2a). The timing of land use changes
within each 30-year interval was random.

For the period 1990-2100, three scenarios for land use change were used:

1. No LUC —no land use change after 1990;

2. B2 LUC - the change in cropland area was taken directly from the SRES
B2 scenario (Figure 2b). The B2 scenario contains estimates of land use
at decadal intervals within four socio-economic regions (OECD; Former
Soviet Union; Asia; Africa and Latin America). Each decade, the change
in the regional cropland coverage was applied to each grid cell within that
socio-economic region, i.e.:

fcrop,local,t = fcrop,]ocal, 1990 * fcrop,region,t /fcrop,region, 1990

where  ferop,local,; 18 the local fraction of cropland coverage cropland
within a 3.75 x 2.5 degree grid cell at time f, and ferop,region, 1990 18
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the fraction of cropland coverage within the SRES socio-economic re-
gion in 1990. The timing of land use changes within each decade was
random.

3. LUC « Popn — the change in cropland area was assumed to follow changes
in population in the B2 scenario. That is,

fcrop,local,t = fcrop,local,1990 : Pregion,t/Pregion,IQQO

where Pregion,; 18 the population in the SRES socio-economic region at time ¢
(other subscripts same as in the previous). Thus, this assumes that the area of
cropland required per head of population will remain the same between 1990
and 2100. Although the B2 scenario does predict an increase in cropland
area between 1990 and 2100 of 22%, this is small in relation to the change
in population, which increases by 97% to 10.4 billion. We therefore use
the simplistic assumption that cropland area follows population growth as a
‘business as usual’ scenario (Uusivuori et al., 2002), as an alternative to the
B2 scenario, which may be overly optimistic regarding the land area required
for food production. The potential cropland area required in the population-
based scenario (Figure 2¢) is feasibly available, according to a recent study
(Ramankutty et al., 2002). In the B2 scenario, population growth is very
small for the two regions that include the industrialized countries. In Asia,
the population stabilises at 177% of the 1990 value, whilst in Africa and
Latin America, the population reaches 347% of the 1990 value by the end of
the 21st century.

4.3. PARAMETER OPTIMISATION

A sensitivity analysis and parameter optimisation exercise was performed on the
model. An evolutionary computation approach was used to find the parameter set
which best reproduced current estimates of global vegetation carbon, soil carbon
and net primary production (target values were 600 Pg C, 1500 PgCand 70 PgCy~!,
respectively). This was implemented using an evolutionary computation algorithm,
the Pareto Optimal Model Assessment Cycle (POMAC, Reynolds and Ford, 1999),
in which 15 parameters were allowed to vary within £20% of the default value. 30
generations were run with a population size of 30 at each step (=900 runs at global
scale for the period 1860—1990). The intention was to use the best fitting parameter
set from the final generation. However, when a sensitivity analysis was performed,
and partial correlation coeffiecients were calculated for each of the parameters
and outputs, it was apparent that the Ny, parameter accounted for much of the
variation in the outputs (Figure 3). A very similar result to the optimal parameter
set could be achieved using the default parameterisation but setting Niy, to 1.3
g N m~2 (previously 1.8), and this parameterisation was used in all subsequent
simulations.
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Figure 3. Partial correlation coefficients between 14 model parameters and global vegetation carbon,
derived from 900 runs of the model using an evolutionary computation algorithm. Abbreviations are:
HRB = herbaceous plants; BDL = broad-leaved plants; NDL = needle-leaved plants; frac = fraction;
a-g = above-ground. Other details are in Table Al.

5. Results
5.1. 1700 TO 1990

The behaviour of the model is broadly similar to the more complex Hybrid model
(Friend et al., 1997). Figure 4 shows the global distribution of carbon in vegeta-
tion in 1990 predicted by the HyLand model including land use change, compared
with the ground-based estimates of Olson et al. (1983). HyLand reproduces the
broad patterns in biomass, with the local maxima in Amazonia, central Africa and
S.E. Asia, and the desert regions of the Sahara, central Asia, western Australia and
west of the Andes. The main apparent discrepancy is an overestimation of vegeta-
tion in the tropics and an underestimation at northern latitudes. Another discrep-
ancy is the underestimation of forests in the Pacific northwest of North America.
Given that the two data sets are entirely independent, the agreement is reason-
able, which suggests we can put a degree of confidence in the model’s predictive
ability.



196 P.E. LEVY ET AL.

Figure 4. Global distribution of carbon in terrestrial vegetation (a) estimated by Olson et al. (1983)
and (b) predicted by the HyLand model in 1990, including land use change. Plotted values are in
kg Cm—2.

Between 1300 and 1700, under a pre-industrial climate, an equilibrium is reached
where NPP equals soil respiration, and the global pools of carbon in vegetation and
soil remain constant. Whilst at this equilibrium, net ecosystem productivity (NEP
equivalent to NPP minus heterotrophic soil respiration), the flux resulting directly
from land use change which bypasses respiration, e.g. by fire and logging (LUCF),
and net biome productivity (NBP, equivalent to NEP plus LUCF) are all zero. In
the absence of land use change, changes in climate and CO, concentration cause
NPP to increase from around 71-80 Pg C y~! between 1700 and 1990, and NEP to
increase from 0 to 2.3 Pg C y~! (Figure 5), giving a total NEP of 145 Pg over this
period (Table II).

When land use change is introduced in 1700, NPP is initially reduced at a near-
constant rate as the amount of live biomass declines (Figure 6), and LUCF is fairly
constant at around —0.4 Pg C y~! (fluxes from the atmosphere to the land are
denoted positive throughout). After 1860, the positive effects of climate change
and increasing CO, concentration cause an increase in NEP, up to approximately
+2 Pg C y~! in the 1980s. Summed over the period 1700-1990, the NEP term
combines with the much larger, negative LUCF term to give an NBP of —97 Pg
C (Table II). That is, the terrestrial biosphere is a net source of carbon over this
period, and only becomes a net sink during the 1970s.
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Figure 5. Global fluxes of carbon predicted by HyLand over the historical period, both with and
without land use change (LUC). Fluxes shown are net primary productivity (NPP, equivalent to
whole plant growth), net ecosystem productivity (NEP equivalent to NPP minus heterotrophic soil
respiration), the flux resulting directly from land use change (LUCF), and net biome productivity
(NBP, equivalent to NEP plus LUCF). Fluxes from the atmosphere to the land are denoted positive
throughout. Also shown are independent values based on inverse modelling of trends in atmospheric
CO; and O, concentrations from the Third Assessment Report of the IPCC (TAR, Prentice, 2001).
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TABLE 11
Change in carbon storage in terrestrial ecosystems (vegetation plus soil) predicted by the
HyLand model

NEP LUCF NBP
1700 to 1849
No LUC 0.0 0.0 0.0
With LUC 3.7 (0.02) —49.6 (—0.3) —45.9 (=0.3)
1850 to 1989
No LUC 144.7 (1.0) 144.7 (1.0) 144.7 (1.0)
With LUC 121.3 (0.9) 121.3 (0.9) 121.3 (0.9)
1700 to 1989
No LUC 144.7 (1.0) 0.0 144.7 (1.0)
With LUC 125.1 (0.4) —222.3(—0.8) —97.3(—0.3)
1990 t0 2100
No LUC 358.1(3.2) 0.0 358.1(3.2)
With B2 LUC 331.8 (3.0) —74.9 (—0.7) 257.0 (2.3)
LUC « Popn. 296.5 (2.7) —290.2 (—2.6) 6.2 (0.06)

Abbreviations are as follows: NEP: net ecosystem productivity (equivalent to NPP minus
heterotrophic soil respiration); LUCF: land use change flux (which bypasses respiration, e.g.
by fire and logging; and NBP: net biome productivity (equivalent to NEP plus LUCF). Values
are totals in Pg C followed by mean rates in Pg C y~! in parentheses. When there is no land
use change, NBP equals NEP. Fluxes from the atmosphere to the land are denoted positive.

Figure 7 shows the distribution of the change in carbon in vegetation in between
1850 and 1990. In the absence of land use change, vegetation biomass increases
across the globe, approximately in proportion to the initial biomass, but with addi-
tional increases in dry areas such as central Australia, where the effect of elevated
CO, alleviates the effect of water stress. When land use change is incorporated
in the model, a reduction in total carbon occurs throughout the populous regions:
USA, Europe, India and China, as well as regions of sub-Saharan Africa and South
America.

5.2. 1990 T0 2100

In the scenarios where future changes in land use are small (B2 LUC) or zero
(No LUC), NPP and the vegetation C pool increase almost linearly between 1990
and 2090 (Figures 8 and 9). NEP reaches a peak of around 4 Pg C y~! in 2020.
Thereafter, the negative effects of changes in climate increase to a similar magnitude
to the positive effect of CO, fertilisation, and NEP then declines to near zero by
2100 (Figure 8). Summed over the period 1990-2100, NBP is positive in both B2
LUC and No LUC scenarios, with means of 2.3 and 3.2 Pg C y~! (Table II).
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Figure 6. Global stocks of carbon in vegetation and soil predicted by HyLand over the historical
period, both with and without land use change.

In the scenario where land use change is based on population change (LUC
a Popn), a much larger LUCF is produced, peaking at —4.3 Pg C y~! in 2010
and declining thereafter as population growth slows (Figure 8). This reduces
the increase in NPP and the vegetation C pool, and results in a decrease in the
soil C pool (Figure 9). The net result is that NBP is negative until the 2050s.
When summed over the period 1990-2100, NBP is near zero (0.06 Pg C y~!,
Table II).

Figure 10 shows the geographic distribution of the change in terrestrial carbon
storage between 1990 and 2100. In the scenarios where future changes in land
use are small or zero (Figures 10a and 10b), the carbon sink is distributed widely,
with most regions across the globe accumulating carbon. The major exception is
the region around the Amazon basin, which is predicted to be a net source over
this period. This is because of changes in temperature and rainfall, with HadCM3
predicting considerable warming and drying over this area. In the LUC o Popn
scenario, source areas are widespread throughout the tropics, where the expansion
in population and cultivated land in the developing countries is predicted (Figure
10c). Much of South and Central America, sub-Saharan Africa and South East Asia
become carbon sources in this scenario.
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Figure 7. Global distribution of the change in total ecosystem carbon (vegetation plus soil) between

1850 and 1990 predicted by the HyLand model, both with and without land use change. Plotted values
are in kg C m—2.
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Figure 10. Global distribution of the change in total ecosystem carbon between 1990 and 2100

predicted by the HyLand model, both with and without land use change. Plotted values are inkg C m™2.
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Figure 8. Global fluxes of carbon predicted by HyLand over the 21st century, both with and without
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Figure 9. Global stocks of carbon in vegetation and soil predicted by HyLand over the 21st century,
both with and without land use change.

6. Discussion

Our estimates of the land use change flux from the historical simulations can be
compared with three other studies (Table III). The values obtained in this study
are somewhat higher in all cases, though a reason for a systematic difference is
not obvious. One possibility is that our model has a bias towards overestimating
tropical vegetation and underestimating boreal vegetation. As a substantial fraction
of the deforestation occurred in tropical regions (Figure 7), this would lead to

TABLE III
Comparison of estimates of the flux from land use change (LUCF, Pg C y~!) from this and other
global-scale studies

Time period Study LUCF LUCE, this study
1700-1990 DeFries et al. (1999) —191 —222
1850-1990 Houghton (1999) —124 —-173

1920-1990 McGuire et al. (2001) —56to =91 —100
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an overestimation of the LUCF. We note that McGuire et al. (2001), using four
models and a similar method as here, obtained values with a range of 35 Pg (46%
of the mean), so a considerable degree of variability between models is to be
expected. Our model was run using a simulated climate from the HadCM3, not
the observed climatology as used by McGuire et al. (2001), and this is likely to
introduce discrepancies between model predictions.

Another possible source of discrepancies between models is the allocation of
necromass produced by land use change between combustion and decomposition,
as this determines whether it is counted in the NEP or LUCF terms. NEP would be
increased and LUCF made more negative if a greater fraction of necromass were
burnt off rather than respired. However, the variation in this fraction with different
types of land use change and different soil types is highly variable, and this is a
large uncertainty in the partitioning between the NEP or LUCF terms.

Comparing our NBP value for the 1980s (the most recent decade for which
complete land use data are available) with those collated by Prentice et al. (2001)
gives values of 0.6 and 0.2 (0 = 0.7) Pg C y~!, respectively. Our NBP estimate
is therefore high but within the error interval, and some individual inversion studies
give higher values (e.g. Gurney et al., 2002). Note that the NBP estimate from our
study is not imposed on the model a priori, as the Ny, parameter was only tuned
to achieve realistic values of current vegetation and soil pools and NPP.

Figures 8—10 demonstrate that the land use change scenario has a considerable
impact on predictions of the future terrestrial carbon sink. In the LUC o Popn
scenario, 290 Pg is released by land use change between 1990 and 2100; that is,
more than was released in the previous three centuries. This LUCF almost entirely
offsets the positive NEP attributable to increasing CO; and climate change, resulting
in a near zero terrestrial carbon sink. The estimate is feasible, given that House et al.
(2002) estimated that total deforestation of existing forests would result in a LUCF
of 450-820 Pg.

The prediction of future land use change is highly uncertain as it depends on
the many socio-economic processes which determine population growth and the
requirements for cultivated land. Here we take the approach of taking relatively
extreme scenarios and recognising that the actual outcome will probably lie within
this range. The LUC o Popn scenario could have been made more extreme by using
population growth from the A2 scenario, where population reaches 15 billion by
2100 (IPCC, 2000).

The principal advantage of our approach is the inclusion of land use change
in the model whilst retaining dynamic vegetation processes. Thus, actual rather
than potential vegetation is represented without it being prescribed statically, and
the inclusion of physiological processes permits extrapolation into altered climatic
conditions. However, the simulations described here were carried out independently
of the HadCM3 climate simulations, and with prescribed CO, concentration. There
are therefore no feedbacks between changes in the global vegetation and atmo-
sphere. Many such feedbacks are possible and have been demonstrated in various



204 P.E. LEVY ET AL.

GCM studies (Martin et al., 1999; Cox et al., 2000; Betts, 2000; Douville et al.,
2000). These will increase or decrease the magnitude of the effects predicted here,
depending on the balance of positive and negative feedbacks, which is still open
to debate. The LUC o Popn simulation would presumably result in a substantially
different CO, concentration and climate if the models were linked via the carbon
cycle.

The effect of land use change on carbon storage is relatively simple compared
with the other uncertainties associated with global change. For example, it is pos-
sible that the positive effects of climate change on terrestrial carbon storage will
be much less than predicted because of downregulation of photosynthesis (Besford
etal., 1998), or that the negative effects will be much less because of acclimation of
soil respiration to long-term increases in temperature (Giardina and Ryan, 2000).
There is also large uncertainty over whether nitrogen supply will place a severe
constraint upon increases in productivity, or increase productivity because of en-
hanced nitrogen deposition. However, there is little doubt that future increases in
the cultivated land area will reduce carbon storage in vegetation. In the past, this
has been the major human influence on terrestrial vegetation, and it is likely that it
will continue to be so in the future.
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Appendix

To ensure the light used by the two competing tree types did not exceed that
available, PAR for each tree type was scaled such that:

1 — e — K(LAIBRD +LAINDL)

Scaled PAR = PARy X -— %70 1o K LA (Al)
PAR incident on the herbaceous layer (PARy) was given by,
PAR;, = PAR, - ¢~ K(LAlsro +LAIDL) (A2)

where BRD and NDL refer to the leaf are index of broadleaved and needle-leaved
canopies above the herbaceous layer and PAR is photosynthetically active radiation
at the top of the canopy.

Canopy photosynthesis, Ay, can, for woody vegetation was calculated from

(1 _ e—K-LAIu))

Aw,can =A- T (A3)

where A is the rate of net photosynthesis at the top of the layer, K (assumed
0.5) is the extinction coefficient for PAR down the canopy and LAI,, is leaf area
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TABLE Al
Vegetation parameters used to model the productivity, growth, and litter disposition of the woody
and herbaceous plant components in the global simulations.

Symbol Description Value Units

K PAR canopy extinction coefficient 0.5 Dimensionless
Niop Canopy top N content 1.3 g(N)/m?

Vi Respiration coefficient for foliage 250 kg(C)/kg(C)/s
Vs Respiration coefficient for stem 1 kg(C)/kg(C)/s
Vr Respiration coefficient for fine roots 250 kg(C)/kg(C)/s
hf Herbaceous NPP allocation to foliage 0.28 Fraction

Ohs Herbaceous NPP allocation to stem 0.33 Fraction

Ohr Herbaceous NPP allocation to fine roots 0.39 Fraction

Thf Herbaceous foliage turnover 0.8 Yr

This Herbaceous stem turnover 0.8 Yr

Thr Herbaceous fine root turnover 0.5 Yr

Oyt Woody NPP allocation to foliage 0.1 Fraction

Oy.s Woody NPP allocation to stem 0.7 Fraction

Oy.r Woody NPP allocation to fine roots 0.2 Fraction

Tw.r Woody fine root turnover 0.5 Yr

TBRD.f Broadleaf foliage turnover 1 Yr

TNDL.f Needleleaf foliage turnover 6 Yr

TBRD. s Broadleaf stem turnover 20 Yr

TNDL.s Needleleaf stem turnover 10 Yr

SLAgrD Broadleaf specific leaf area 36 m?*/kg(C)
SLANDL Needleleaf specific leaf area 18 m?*/kg(C)
Sw.ag Fraction of woody stem above-ground 0.7 Fraction

fwe Fraction of woody stem coarse 0.7 Fraction

Note. The subscript w, refers to both broadleaf and needleleaf trees whereas BRD and NDL refers
to the respective tree type only. K, and N, are the same for the woody and herbaceous layers.

index. Maintenance respiration, Ry,, was calculated as a constant fraction of canopy
photosynthesis:

Ry =0.5-Ay.can (A4)
Surface temperature, T, was calculated from:
Is — T
Fy = pepTs—T) (A5)
RaH
R Reg Ff—p XD
FH:—‘H(‘E A_P ) (A6)
Ran € Ry + R

where, Fy is the sensible heat flux, p is air density, c,, is the isobaric specific heat of
air, T is ambient air temperature, R,y is the bulk aerodynamic resistance to heat and
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Ry and Ry are the total resistance to heat and water vapour transfer respectively
(see Raupach, 1998), Fy is the isothermal net available energy, A is the latent heat of
vapourisation, D is the saturation deficit of air (Q(7T) — Q), and ¢ is the slope of
the saturation specific humidity. Evaporation from the surface was then calculated
as

Ds

Evaporation = (A7)

tE

where D is the saturation deficit at the land surface. The soil water holding capacity
was related to soil carbon as follows:

Soil water capacity = 0.213 + 0.00227 C (A8)

soil*
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